In a primary culture model for pancreatic acinar-ductal transdifferentiation, cells exhibited increased proliferation, changes in nuclearity and polyploidy. We identify the 'nucleus to centrosome' ratio of the progenitor cell, the dissemination of centrosomes at spindle poles and cytokinesis failure as critical determinants of mitosis outcome and centrosome inheritance. Abortive cytokinesis of mononuclear cells contributes to the binuclear cell pool, whereas enclosure of entire mitotic formations, within a single nuclear envelope, perpetuates polyploidization. Binuclear cell nuclei combine their genomes on a single metaphase plate, doubling descendant ploidy. Moreover, B42% of binuclear and tetraploid cells assemble aberrant spindles with up to 8 centrosomes/poles. These phenotypes were exacerbated in p53-deficient cultures exhibiting increased S-phase entry, giant nuclei, multinucleation, multipolar mitoses and centrosome hyperamplification. The tendency of p53-proficient cells to spontaneously evade the tetraploidy checkpoint degenerates to uncontrolled polyploid progression in p53-deficient cultures, explaining why p53 abrogation alone rapidly descends to aneuploidy in this system. We detected constitutively nuclear mdm2, which may circumvent endogenous cellcycle checkpoints, and pronounced accumulation of p21 and p27 in multinuclear cells and giant nuclei, consistent with roles in polyploidization. This in vitro model may recapitulate the processes underlying genomic instability in pancreatic tumours in vivo, and attests to the existence of a p53-dependent polyploidy checkpoint acting to limit the degree of polyploidization.
Introduction
It is widely held that exocrine pancreatic tumours are predominantly ductal in origin (Bardeesy and DePinho, 2002) . However, studies on carcinogen-induced animal models of pancreatic cancer (Scarpelli et al., 1984) and transgenic mice with transforming potential targeted to acinar cells Quaife et al., 1987; Sandgren et al., 1991; Bottinger et al., 1997) have suggested that cells in acinar regions may contribute to the histogenesis of pancreatic neoplasia. Moreover, in vitro cell culture systems, exhibiting acinar-ductal transdifferentiation, demonstrate that cells in the acinus may retrodifferentiate to a developmental state favouring proliferation, typified by loss of secretory functions and acquisition of embryonic and ductal markers (De Lisle and Logsdon, 1990; Hall and Lemoine, 1992; Arias and Bendayan, 1993; Vila et al., 1994) . Collectively, these studies indicate that at least some adult acinar cells retain their plasticity and proliferative potential, contributing to pancreatic pathology.
p53 is a tumour suppressor, mutated in more than 50% of pancreatic adenocarcinomas (Bardeesy and DePinho, 2002) , with pivotal roles in growth arrest, repair, apoptosis, senescence and differentiation. Indeed, p53 status appears inextricably linked to pancreatic genome stability. Thus, on a p53-deficient background, Apc Min/ þ heterozygotes develop pancreatic malignancies associated with loss of the remaining Apc wt allele (Clarke et al., 1995) . Intriguingly, this effect is lineage specific: it is peculiar to the Apc Min/ þ pancreas and there is no increased predisposition to intestinal neoplasia. This leads to two hypotheses: First, increased predisposition to pancreatic hyperplasia is a direct result of increased genomic instability against the background of p53 deficiency. Consistent with this hypothesis, abrogation of p53 function in the elastase-SV40 Tantigen mouse pancreas predisposes to acinar cell polyploidization (Ramel et al., 1995) . Second, p53 loss may result in dysregulated growth and a direct increase in cell-cycle activity.
To further address the consequences of p53 deficiency in the pancreatic context, we have made use of an in vitro cell culture model for acinar-ductal transdifferentiation. Acinar cells, cultured in CME medium, retain acinar cell attributes including zymogen granules. Transfer of these cultures to WHME medium elicits a series of profound morphological changes (Supplementary video 1) representing acinar dedifferentiation and transdifferentiation to a duct-like phenotype (Sphyris et al., in press ). For clarity, CME-cultured cells will be referred to as acinar-like and WHME-cultured cells as transdifferentiating cells.
In the present study, we report that acinar-ductal transdifferentiation in vitro is characterized by increased proliferation, a decline in binucleation and the emergence of cells with enlarged polyploid nuclei and centrosome abnormalities. We sought to define the cellular mechanisms underlying the establishment of nuclearity (the number of nuclei per cell) and polyploidy in transdifferentiating cells and to investigate the effects of p53 deficiency on these processes. We report that cytokinesis failure and the tendency of p53-proficient binuclear and tetraploid cells to evade the tetraploidy checkpoint predispose to pleiotropic mitotic defects. In the context of p53 deficiency, uncontrolled polyploid progression ensues, explaining why p53 abrogation alone rapidly descends to aneuploidy and centrosome hyperamplification in this system. Furthermore, we suggest roles for p21, p27, mdm2 and p53 in the regulation of in vitro acinar cell growth and the nuclear changes underlying acinar-ductal transdifferentiation.
Results

Acinar-ductal transdifferentiation is accompanied by increased BrdU incorporation, accentuated by p53 deficiency
We employed BrdU incorporation as a measure of the numbers of cells engaging in DNA synthesis. Strikingly, a 10-fold increase in BrdU incorporation (Po0.001, ANOVA) was observed in transdifferentiating cells (WHME) compared to acinar-like counterparts in CME (Figure 1) , with the disparity in proliferation not simply attributable to the serum component of WHME (data not shown).
The BrdU-labelling indices of p53-null cells were approximately 2-fold higher (Po0.001, ANOVA) than wild-type (wt) counterparts (Figure 1 ), suggesting that the absence of p53 bestows increased cell-cycle activity on acinar-like and transdifferentiating cells.
Nuclearity of transdifferentiating cells is determined by aberrant cytokinesis
Approximately 50% of acinar-like cells were binuclear (Figure 2a ), whereas B66% of transdifferentiating cells were mononuclear, indicating that a change in nuclearity accompanies the transition between the acinar and ductal differentiation states (Po0.0001, ANOVA).
Unlike basal proliferation rates, the incidence of apoptosis, as determined by morphological criteria in Feulgen-stained cultures, was unaffected by p53 status or cell phenotype (wt acinar-like: 1.8570.12%, wt transdifferentiating: 2.7970.46%, p53-null acinarlike: 2.5870.43%, p53-null transdifferentiating: 1.837 0.53%; P>0.05 for all pairwise comparisons, MannWhitney). Thus, the basal levels of apoptosis were insufficient to account for the observed decline in binuclear cell numbers.
To understand the mechanisms underlying the establishment of nuclearity, we monitored transdifferentiating cultures by time-lapse videomicroscopy. Despite the decline in binuclear cell numbers, we observed the emergence of newly formed binuclear cells by abortive cytokinesis of mononuclear (Figure 2b ; Supplementary video 2) or binuclear (Figure 2c; Supplementary video 3) progenitors in wt cultures. The extent of binucleation was unaffected by p53 deficiency (P ¼ 0.281, ANOVA). However, B5.4% of p53-null cells were multinuclear (3-10 nuclei), suggesting that transdifferentiating cells are especially prone to defective cytokinesis in the absence of p53. Indeed, multinuclear cells (3-4 nuclei) were also observed in wt cultures, albeit to a lesser extent (B1.6%; Po0.0001 for wt versus p53-null, ANOVA).
Occasionally, cytokinesis was circumvented altogether. Restricted poleward movement of sister chromatids at anaphase led to an inadequate distance between decondensing chromosome bundles at telophase. Subsequently, enclosure of the entire formation, within a single reassembling nuclear envelope, yielded a mononuclear polyploid cell (Figure 2d ; Supplementary video 4).
We found no evidence to implicate cell fusion in the formation of binuclear or multinuclear cells. Thus, we conclude that aberrant cytokinesis is common in transdifferentiating cultures, with its incidence and manifestation exacerbated by p53 deficiency. The decline in the proportion of binuclear cells is likely due to a balance between the loss of binuclear cells that beget multinuclear progeny and the increase in mononuclear cell numbers through proliferation of mononuclear progenitors generating two mononuclear daughter cells. Acinar-ductal transdifferentiation is accompanied by an increase in nuclear area and integrated optical density
As the nuclei of acinar-like and transdifferentiating cells exhibited considerable pleiomorphism and changes in nuclear area often denote altered DNA content, we measured nuclear area by image analysis and static cytometry (Figure 3a) . The profile for acinar-like wt cells is positively skewed, with a tail to the right and a mode of 50-70 mm 2 . The number of nuclei, exceeding 170 mm 2 , was less than 5% of the total and this size was arbitrarily assigned as the cutoff area corresponding to abnormal, enlarged nuclei. In acinar-like p53-null cells, the mode increased to 70-90 mm 2 , with 13% of nuclei exceeding 170 mm 2 . The nuclear area distribution profiles of transdifferentiating cells were flatter and broader, with a mode of 90-110 mm 2 , indicating a shift to larger nuclear areas with p53-deficient cells, reaching a maximum at 1950 mm 2 . Strikingly, the proportions of abnormally sized nuclei in wt and p53-null cultures rose to 30 and 44%, respectively.
As the enlarged nuclei of transdifferentiating cells could be attributed to cell spreading, we investigated whether increased nuclear area was associated with amplified DNA content, by measuring integrated optical density (IOD), the cytometric equivalent of DNA content (Haroske et al., 1998) .
The corresponding nuclear IOD distributions ( Figure 3b ) are indicative of a heterogeneous population with a genome complement at different stages of replication. In wt acinar-like cells, approximately 47% of nuclei belonged to the modal peridiploid peak (10 000-17 000 IOD units; mean7s.d. ¼ 13 38571940). About 10% of nuclei had IOD values between 24 000 and 31 000 IOD units (mean7s.d. ¼ 27 09372033): as the corresponding mean is approximately twice that of the diploid class peak, it represents either tetraploid class cells in G0/G1 or diploid cells in G2/M.
Transdifferentiating cells exhibited a clear shift towards higher nuclear IOD values, consistent with an increased DNA content, multiple abnormal DNA stemlines and cycling polyploid/aneuploid nuclei (37 and 49% for wt and p53-null cultures, respectively). In both acinar-like and transdifferentiating cells, the distribution of the IOD values of p53-null nuclei was skewed to the right, compared to wt profiles, reflecting higher-order ploidy and/or increased DNA synthesis.
p53 deficiency exacerbates the mitotic spindle abnormalities and centrosome amplification seen in transdifferentiating cells
The incidence of polyploidy, multinucleation and aberrant cytokinesis in transdifferentiating cultures Figure 3 Acinar-ductal transdifferentiation is accompanied by increases in nuclear area and IOD, exacerbated by p53 deficiency. The area and IOD of Feulgen-stained nuclei were measured by image analysis and static cytometry. At least 10 fields, each containing 50-150 nuclei, were assayed per condition. Measurements were performed on cultures derived from three animals of each genotype. Results from replicate cultures were pooled (n ¼ total number of nuclei). Nuclei with areas exceeding 350 mm 2 or IOD values over 129 000 were grouped together. (a) Nuclear area distribution; (b) Nuclear IOD distribution suggests dysfunctions relating to the regulation of mitosis. Therefore, we monitored the formation of mitotic spindles in living cells by time-lapse videomicroscopy and examined centrosome distribution in fixed cells stained for g-tubulin, a centrosome marker.
Approximately 48% of wt binuclear cells possessed only one centrosome (Figures 4 and 5Aa) , consistent with reports that normal exocrine pancreatic cells in humans mostly contain one centrosome (Sato et al., 1999) . We did not distinguish between binuclear cells that had two centrosomes per se and binuclear cells that had entered the cell-cycle and replicated their unique centrosome. However, B36 and B15% of binuclear cells contained two or four centrosomes, respectively (Figures 4 and 5Ae,f), consistent either with duplication of one or two G1 centrosomes, or a bona fide centrosome number in interphase.
Significantly, binuclear cells entered mitosis unhindered, indicating the absence of an effective checkpoint against polyploid progression. Time-lapse videomicroscopy revealed that both nuclei of binuclear cells enter mitosis synchronously aligning their entire chromosome complement on a single metaphase plate (Figure 2c ; Supplementary video 3). Accordingly, g-tubulin staining identified bipolar mitotic spindles, corresponding to a duplicated 4c DNA content, with one ( Figure 5Ac ) or two centrosomes (Figure 5Ag ) at opposite poles.
Strikingly B42% of mitotic formations, assembled by binuclear or tetraploid wt cells, exhibited pleiotropic defects including asymmetric dissemination of centrosomes at spindle poles (Figure 5Ai , j) and crossover of chromosome alignments (Figure 5Ak ). In the absence of p53, more severe anomalies were encountered ( Figure  5Al and b): chromosome misalignment, lagging chromosomes, multipolar spindles and micronuclei, presumably containing improperly segregated chromosomes that have decondensed and become enclosed in a nuclear envelope.
Approximately 47% of p53-null cells showed centrosome amplification (3-30 per cell) compared to B8% of wt counterparts (3-8 per cell) (Figure 4 ), consistent with reports that p53 deficiency promotes centrosome number dysregulation. Indeed, uncoupling of centrosome duplication from the cell-cycle has been proposed as one underlying mechanism (Fukasawa et al., 1996; Tarapore and Fukasawa, 2002) . Although the increased incidence of binuclear cells with two centrosomes in p53-null cultures is consistent with dysregulated centrosome duplication, it may also reflect higher basal proliferation rates or failed cytokinesis of mononuclear cells. Significantly, the cells most prone to centrosome abnormalities were either multinuclear or mononuclear cells with enlarged polyploid nuclei, indicating that extra centrosomes may arise primarily as a result of defective cytokinesis, followed by failure to prevent polyploid progression in the context of p53 deficiency, consistent with previous reports (Borel et al., 2002; Meraldi et al., 2002) . The observed variability in centrosome size suggests fragmentation as an additional path to supernumerary centrosomes in p53-null cells (Tarapore and Fukasawa, 2002) .
Cell-cycle regulatory proteins in acinar cultures
To address the incidence of polyploidization in transdifferentiating cells at the molecular level, we employed immunofluorescence to investigate the expression of cell-cycle regulatory proteins associated with polyploidy. Consistent with its absence bestowing increased proliferative potential, p53 was detected in B10% of nuclei (data not shown). Unexpectedly, mdm2 was almost ubiquitous in cell nuclei (Figure 6a ), irrespective of differentiation state. p21 staining was most pronounced in multinuclear cells (Figure 6b ) although it was also variably present in other nuclei, consistent with its levels being associated with the stage of the cell-cycle. The expression of p21 and mdm2 was p53-independent.
In acinar-like cells, the localization of p27 was predominantly cytoplasmic. In transdifferentiating cells, p27 was predominantly nuclear, with staining most 
Discussion
Transdifferentiating cells as a paradigm of mitotic dysfunction
The investigation of the aberrant cellular processes, causing genomic instability in vivo, is often hampered by the rare and asynchronous nature of these events. We propose that the present system may serve to delineate the mechanisms underlying polyploidization and aneuploidy in vitro and may recapitulate the processes contributing to genomic instability in pancreatic tumours in vivo. We anticipate that the combined use of interphase fluorescent in situ hybridization (FISH) and DNA image cytometry to simultaneously evaluate specific chromosomal aberrations and DNA ploidy, on the same sample of nuclei, will enable valuable insight into the nature of the chromosome changes underlying the biological behaviour of transdifferentiating cells. Our results show that, when normally quiescent binuclear or tetraploid acinar cells are stimulated to proliferate, they are predisposed to pleiotropic mitotic defects, explaining why p53 abrogation alone is sufficient to promote pancreatic genome instability in the present system and other murine models (Clarke et al., 1995) . A corollary of this is that any event that increases and sustains acinar cell proliferation rates, such as acinar-ductal transdifferentiation, injury-induced regeneration or activation of oncogenic K-RAS, one of the earliest lesions in pancreatic intraepithelial neoplasia, may trigger the onset of genomic instability. Subsequent p53 loss would facilitate the ongoing genomic rearrangements underlying progression to adenocarcinoma (Sato et al., 2001; Bardeesy and DePinho, 2002) . Concordantly, whereas centrosome abnormalities are prevalent in exocrine tumours, endocrine malignancies show normal centrosome patterns and may arise through different genomic instability pathways (Sato et al., 1999) .
We observed that transdifferentiating cells were capable of entering S-phase irrespective of nuclearity or ploidy class. However, subsequent mitosis in these cells was perturbed by several different mechanisms. Thus, we found that abortive cytokinesis of mononuclear cells contributes to the binuclear cell pool, whereas the same process in binuclear progenitors preserves cell nuclearity. Critically, because both nuclei of a binuclear cell combine their genomes on a single metaphase plate, the ploidy of daughter nuclei doubles with each generation.
The enclosure of entire mitotic formations within a single reforming nuclear envelope represents the most likely route to the increased generation of mononuclear polyploid cells in this system. Similarly, during megakaryocyte polyploidization (Nagata et al., 1997) , multipolar spindles that fail to separate adequately during anaphase are incorporated into multilobed nuclei, with individual lobes encompassing one aster and its associated chromatids (Roy et al., 2001) . These processes, circumventing telophase and/or cytokinesis, perpetuate polyploidization and resemble endomitosis, but critically differ in that nuclear membrane breakdown is observed.
Our observations from time-lapse videomicroscopy and fixed cultures suggest that these transdifferentiating polyploid cells remain viable and progress through several mitotic events before reaching a point where they may become reproductively dead.
Implications of centrosome distribution in cycling binuclear cells
Pancreatic binuclear cells possess either one or two centrosomes at interphase. Duplication of one inter- phase centrosome ensures formation of a bipolar spindle whereas, in the case of two centrosomes, pairing is necessitated to avoid loss of bipolarity. Thus, although all four centrosomes were capable of nucleating microtubule asters (Figure 5Ag ), adjacent centrosomes migrated as a pair towards opposite poles during anaphase (Figure 5Ah) . Similarly, binuclear hepatocytes have been shown to form a single bipolar spindle with juxtaposed paired centrosomes (Guidotti et al., 2003) . A schematic model illustrating binuclear cell division, concluded with or without cytokinesis, is presented in Figure 7 . We propose that extra centrosomes arise through cytokinesis failure, confounded by occasional errors and asymmetric centrosome partitioning to daughter cells. Interestingly, centrosome bundling or pairing has been proposed as a way of muting the effects of excess centrosomes and ensuring that nuclear division proceeds in a bipolar fashion (Sluder and Nordberg, 2004) . However, centrosome bundling does not always prevail leading to unbalanced chromosome segregation and variability in mitotic outcomes, as seen particularly in p53-null cells with higher-order centrosome amplification.
Cytokinesis failure and polyploid progression predispose transdifferentiating cells to centrosome amplification exacerbated by p53 deficiency
The mitosis of a proportion of binuclear and mononuclear tetraploid/polyploid cells attests to the absence of an effective checkpoint against polyploid progression in transdifferentiating acinar cultures and challenges the universal applicability of the tetraploidy checkpoint. Indeed, during the review of this manuscript, a paper was published questioning the existence of the tetraploidy checkpoint in cultured adult mammalian somatic cells. Strikingly, Uetake and Sluder (2004) demonstrated that the mitotic progression of chemically generated binuclear cells was dependent on the concentration of the administered drug and the nature of the cell substratum, suggesting that the G1 arrest, universally interpreted as the tetraploidy checkpoint, may be due to irreversible effects of the cytokinesis inhibitors on the actin cytoskeleton. While our findings in acinar cultures are consistent with the nonexistence of a tetraploidy checkpoint, we cannot exclude the possibility that its presence may be masked by the constitutively high levels of mdm2. The fact that, in wt cultures, mitotic spindles displayed a maximum of eight centrosomes/spindle poles suggests the persistence of some p53-dependent constraints on centrosome amplification and polyploid progression. Thus, our data with naturally occurring binuclear and tetraploid mononuclear cells are consistent with the existence of a p53-dependent polyploidy checkpoint acting to limit the progression of cells beyond a certain degree of polyploidy.
The absence of p53 impacts in three ways on transdifferentiating cells. First, by increasing entry into S phase the likelihood of errors during cell division is greater. Second, p53 deficiency may uncouple centrosome duplication from the cell cycle, leading to generation of extra centrosomes (Fukasawa et al., 1996) . Third, p53 partakes in the checkpoint that arrests or eliminates tetraploid/polyploid cells (Khan and Wahl, 1998; Lanni and Jacks, 1998; Casenghi et al., 1999; Andreassen et al., 2001) and, in its absence, tetraploid/hyperploid cells are able to resume cycling with rapid descent to aneuploidy. Thus, extra centrosomes arise initially through cytokinesis failure and are amplified further during uncontrolled polyploid progression, in the absence of p53. Concordantly, p53-null cells with multiple centrosomes were mostly multinuclear or mononuclear with enlarged polyploid nuclei. Moreover, multinuclear p53-null cells were often BrdUpositive (data not shown), indicating that cells, which had failed in cytokinesis, were not perturbed from entering further rounds of DNA synthesis (or mitosis; Supplementary videos 5 and 6).
Interestingly, mouse embryonic fibroblasts were also found to spontaneously enter tetraploid G1, with p53 nullizygocity sufficient to enable cells to escape the putative tetraploidy/polyploidy checkpoint and precipitate centrosome amplification (Borel et al., 2002) . In this respect, embryonic fibroblasts and transdifferentiating primary acinar cells differ from most established mammalian cell lines where additional mutations in mitotic checkpoint proteins are required to cause cytokinesis failure before cells, compromised with respect to p53 function, can continue cycling past the tetraploidy/polyploidy checkpoint. Diploid binuclear cells form a bipolar spindle with either one or two centrosomes at opposite poles. In each case, daughter nuclei are tetraploid, but daughter cell nuclearity and centrosome inheritance depend on the occurrence of cytokinesis. Critically, the asymmetric partitioning of centrosomes at spindle poles and the emergence of a population with altered 'nucleus to centrosome' ratio, through cytokinesis failure, have profound ramifications for centrosome inheritance patterns, future replication outcomes and karyotype stability. The scheme is a simplification as progenitor nuclei may themselves be tetraploid The expression of p21 and mdm2 in transdifferentiating cells may signify their involvement in the regulation of differentiation and polyploidization. Thus, p21 may provide a means of evading apoptosis, during the transition between differentiated states, as shown in several systems (Poluha et al., 1996; Wang and Walsh, 1996; Lawlor and Rotwein, 2000) . Moreover, keratinocyte differentiation is accompanied by induction of mdm2 and concomitant downmodulation of p53 activity and, interestingly, is coincident with increased cell size and ploidy (Dazard et al., 2000) . However, in the mammary gland, overexpression of mdm2 generated polyploid cells irrespective of p53 status, suggesting additional p53-independent roles for mdm2 in the regulation of DNA synthesis (Lundgren et al., 1997) . As mdm2 is constitutively nuclear in acinar cultures and as it inactivates p53, Rb and a host of other binding partners (Daujat et al., 2001) , it could conceivably interfere with endogenous checkpoint functions, thus predisposing proliferating cells to spontaneous mitotic abnormalities and polyploidization. The fact that p53 deficiency exacerbates the observed mitotic defects suggests a direct effect of p53 on the G2/M transition, unhindered by mdm2 inhibition, probably corresponding to roles of p53 in centrosome duplication or the checkpoints governing polyploid progression.
The differences in the subcellular distribution of p27, in acinar-like versus transdifferentiating cells, suggest its involvement in the changes underlying acinar-ductal transdifferentiation. With regard to polyploidization, elevated levels of CDK inhibitors have been assigned as both a causative factor and a preventative response mechanism. Consistent with the latter, ectopic expression of p27 restricts hyperploid progression in human astrocytoma cells (Hong et al., 1999) . Conversely, elevated levels or redistribution of p21 and p27 have been implicated in the induction of polyploidy in vitro (Kikuchi et al., 1997; Matsumura et al., 1997) and in vivo (Wu et al., 1996) . Thus, the fact that nuclear accumulation of p21 and p27 was most pronounced in the multinuclear cells and giant/multilobed nuclei of transdifferentiating cultures, suggests that they may be acting either to suppress or promote polyploid progression. The likelihood is that the role of CDK inhibitors in polyploidization is a balance between their relative ineffectiveness at inhibiting replicative DNA synthesis and their ability to impede the G2/M transition and cytokinesis (Bates et al., 1998; Niculescu III et al., 1998; Rooney, 2001) .
Concluding remarks
The absence of an effective checkpoint against polyploid progression in transdifferentiating acinar cells has major ramifications for pancreatic genome stability. Although the adult pancreas is a quiescent organ, our findings suggest that, in situations invoking acinar cell proliferation, mitosis of binuclear or tetraploid cells may constitute an Achille's heel with subsequent progression to aneuploidy greatly exacerbated by p53 deficiency.
Materials and methods
Animals
Wt and p53-knockout mice (Purdie et al., 1994) were fed a standard breeding diet, given water ad libitum and maintained according to Home Office regulations.
Materials
Tissue culture plastics, media and all other reagents, unless indicated otherwise, were from Invitrogen/Life Technologies (UK). Chee's, Waymouth's and Ham's F-12 media were custom-made arginine-free. Before use, all media were supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin, 0.25 mg/ml amphotericin B, 10 mg/ml insulin, 100 nM dexamethasone (Sigma, UK), 0.5 mM 3-isobutyl-1-methylxanthine (Sigma), 0.2 mg/ml soybean trypsin inhibitor (Sigma) and 5 ng/ml epidermal growth factor (Sigma). The supplemented form of Chee's medium was designated CME. Waymouth's and Ham's F-12 media were mixed to equal proportions, supplemented with 2% foetal bovine serum and designated WHME.
Isolation and culture of mouse pancreatic acini
Pancreatic acini were isolated as described previously (Hoshi and Logsdon, 1993) . Acini were plated onto Sonic-Seal Slide Wells pre-coated with 50 mg/ml collagen IV (Sigma) and maintained in a humidified atmosphere of 5% CO 2 in air at 371C. Cells were cultured in CME, with a subset of cultures subsequently transferred to WHME (day 5), to initiate acinar-ductal transdifferentiation. Cultures were fixed on day 7.
Time-lapse videomicroscopy
Acini were cultured in collagen IV-coated sealed and gassed chamber flasks. Images were obtained using the Leica QUIPS software system driving a motorized microscope stage, Leica DMIRBE microscope and CCD-videocamera module maintained at 371C.
Immunofluorescence
Cells were fixed in 4% paraformaldehyde (pH 7.4) (10 min; room temperature) or methanol (5 min; À201C). Cells on paraformaldehyde-fixed slides were permeabilized with 0.1% Triton X-100 in PBS for 10 min. We used monoclonal antibodies against: p21 (F5; Santa Cruz Biotechnology, Inc., USA), mdm2 (SMP-14; Oncogene Research Products, UK), p27 (DCS-72; Sigma) and g-tubulin (GTU-88; Sigma). After preincubation with 3% bovine serum albumin (BSA) in PBS, cells were incubated overnight at 41C with the primary antibody diluted in PBS containing 1% BSA. Immune complexes were detected with Alexa488-conjugated secondary antibodies (Molecular Probes, USA). Nuclei were counterstained with 4 0 ,6 0 -diamidino-2-phenylindole (DAPI; Sigma). Staining was visualized using a Zeiss Axioskop-2 fluorescent microscope and images captured using a Hamamatsu chilled CCD camera.
BrdU incorporation
Cells were incubated with 10 mM BrdU (5-bromo-2 0 -deoxyuridine; Amersham Pharmacia Biotech, UK) for 6 h before fixation in 80% ethanol and immunocytochemistry using rat anti-BrdU antibody (BU1/75; Harlan Sera-Lab, UK) and horseradish peroxidase-conjugated rabbit anti-rat secondary (Sigma). Nuclei were counterstained with haematoxylin.
Feulgen staining
Cells were fixed in modified Bouin's fixative (85% methanol, 5% acetic acid, 10% formalin) overnight at 41C. Slides were submerged in 5 M HCl for 45 min and stained with Schiff's reagent (Sigma) for 2 h.
Nuclearity
Nuclei were Feulgen-stained and the cytoplasm counterstained with 0.1% light-green (BDH Laboratories, UK).
Apoptosis
The incidence of apoptosis in cultures, stained with Schiff's reagent and light-green, was recorded on the basis of morphological criteria (condensation and margination of nuclear chromatin, nuclear shrinkage, retracted cytoplasm with signs of membrane blebbing and apoptotic body formation). At least 1000 cells were counted in duplicate per condition and the percentage of apoptotic cells recorded in three independent cultures.
Cell counts and statistical analyses
Cell counts were performed using the AxioHOME system (Zeiss, Germany). Statistical comparisons were made by ANOVA or the nonparametric Mann-Whitney U-test using Minitab version 13 (Minitab Inc., USA). Po0.05 was considered significant.
Measurement of nuclear area and integrated optical density
We measured nuclear area and DNA content in acinar cultures in situ by image analysis and static cytometry (Haroske et al., 1998) . Images of Feulgen-stained nuclei were captured with the Kontron Electronik Prog/Res/3012 system and a Zeiss Axioskop microscope. For background correction, an area without nuclei was captured using identical settings. Use of Image Pro-plus image analysis software (Media Cybernetics Inc., UK) enabled selection of nuclei for measurement of nuclear area and IOD. Only nuclei demonstrating distinct boundaries were analysed. Touching nuclei of binuclear/multinuclear cells were segmented, whereas overlapping nuclei were disregarded. For nuclear area measurements, the system was calibrated with a 10 mm graticule.
Using murine hepatocyte reference standards, the mean ratio of the modal IOD values of pancreatic cell nuclei and diploid hepatocytes yielded a corrective factor of approximately 2, which enabled us to assign IOD values of 10 000-17 000 IOD units to a diploid class nucleus.
